The spliceosomal B complex is the substrate that undergoes catalytic activation leading to catalysis of pre-mRNA splicing. Previous characterization of this complex was performed in the presence of heparin, which dissociates less stably associated components. To obtain a more comprehensive inventory of the B complex proteome, we isolated this complex under low-stringency conditions using two independent methods. MS2 affinity-selected B complexes supported splicing when incubated in nuclear extract depleted of snRNPs. Mass spectrometry identified over 110 proteins in both independently purified B complex preparations, including ϳ50 non-snRNP proteins not previously found in the spliceosomal A complex. Unexpectedly, the heteromeric hPrp19/CDC5 complex and 10 additional hPrp19/CDC5-related proteins were detected, indicating that they are recruited prior to spliceosome activation. Electron microscopy studies revealed that MS2 affinity-selected B complexes exhibit a rhombic shape with a maximum dimension of 420 Å and are structurally more homogeneous than B complexes treated with heparin. These data provide novel insights into the composition and structure of the spliceosome just prior to its catalytic activation and suggest a potential role in activation for proteins recruited at this stage. Furthermore, the spliceosomal complexes isolated here are well suited for complementation studies with purified proteins to dissect factor requirements for spliceosome activation and splicing catalysis.
Pre-mRNA splicing is catalyzed by a large RNP molecular machine, termed the spliceosome, which consists of the U1, U2, U4/U6, and U5 snRNPs and a multitude of non-snRNP proteins (reviewed in reference 48). The active site(s) responsible for the catalysis of pre-mRNA splicing is not preformed but, rather, is created anew during the highly dynamic process of spliceosome assembly. The latter is an ordered process during which several intermediates, termed E, A, B, and B*, can be detected in vitro (reviewed in reference 48). Assembly is initiated by the ATP-independent interaction of the U1 snRNP with the conserved 5Ј splice site of the pre-mRNA, forming the E complex. At this stage, the U2 snRNP is loosely associated with the pre-mRNA (11) . In a subsequent step requiring ATP, the U2 snRNP stably interacts with the pre-mRNA's branch site, leading to formation of the A complex (also called the prespliceosome). Spliceosome assembly culminates with the formation of the spliceosomal B complex, during which the preformed U4/U6.U5 tri-snRNP particle interacts with the A complex. The B complex thus contains a full set of U snRNAs in a precatalytic state. It subsequently undergoes major rearrangements, including destabilization or loss of the U1 and U4 snRNPs, leading to catalytic activation and the formation of the so-called activated spliceosome (B* complex).
Splicing catalysis subsequently proceeds by a two-step mechanism (reviewed in reference 29). During the first step the 5Ј splice site is cleaved, and the 5Ј end of the intron is covalently linked to the branch site forming a lariat structure. This step of splicing is accompanied by the formation of the spliceosomal C complex. During the second step of splicing, the 3Ј splice site is cleaved, releasing the intron, and the 5Ј and 3Ј exons are ligated to form the mRNA. Upon dissociation of the spliceosome, both pre-mRNA splicing products are ultimately released, and the individual subunits of the spliceosome take part in subsequent rounds of splicing. Within the spliceosome a complex, highly dynamic RNA-RNA network is formed (reviewed in references 31 and 48) . During the catalytic activation of the spliceosome, rearrangements in this RNA-RNA network bring the reactive groups of the pre-mRNA (i.e., the 5Ј splice site and branch site) into close proximity, and the RNAs forming this network (primarily U2 and U6) are thought to form the core of the active center that catalyzes the first step of splicing.
In addition to the snRNAs, proteins play an essential role in splicing. Indeed the spliceosome is an extremely protein-rich molecular machine (reviewed in reference 48). Each snRNP particle consists of a set of particle-specific proteins, plus seven Sm proteins (B/BЈ, D1, D2, D3, E, F, and G) found in all of the spliceosomal snRNPs. Over 50 unique proteins are recruited to the spliceosome as stable components of the snRNPs. In addition, a large number of non-snRNP proteins are also associated with the spliceosome, as evidenced by several recent studies in which spliceosomes were affinity-selected and their protein composition determined by mass spectrometry (MS). MS studies of a mixture of spliceosomal complexes (including the mRNP) that were isolated under mild conditions (60 to 100 mM salt) indicated that the number of proteins that associate with spliceosomes assembled in HeLa nuclear extract under splicing conditions lies between ϳ170 (including hnRNP proteins) (52) and ϳ260 (excluding keratins and ribosomal proteins) (33) . This apparently large discrepancy in the total number of spliceosome-associated proteins likely reflects the fact that in these studies: (i) different isolation protocols were used (MS2 affinity selection versus streptavidin-biotin affinity selection) and (ii) different criteria were used to decide whether a given protein is a bona fide spliceosomal protein. For example, in the first study, only those proteins found associated with both of two different substrates analyzed were designated spliceosome associated (52) .
To learn more about the dynamics of the spliceosome's proteome, MS studies of spliceosomal complexes isolated at defined assembly or functional stages have also been performed. Complexes analyzed to date include the A, B⌬U1, B*, and C complexes (19, 21, 26, 27) . The latter three complexes were isolated under stringent conditions (i.e., in the presence of heparin), and thus only those proteins that are stably associated at these stages could be determined. The similar isolation conditions used allowed meaningful comparisons to be made between the proteomes of the B⌬U1, B*, and C complexes; these studies (i) confirmed the dynamic nature of the spliceosome's protein composition, (ii) revealed stabilization/ destabilization events involving spliceosomal proteins during catalytic activation, and (iii) provided information about a given protein's potential window of function during splicing.
However, due to the highly stringent conditions employed to isolate the B⌬U1, B*, and C complexes, information about the recruitment of proteins that were not stably incorporated into the spliceosome at these stages of assembly/function-but are nonetheless functionally important-could not be obtained. That is, an unknown number of proteins were likely stripped away in the presence of heparin. Indeed, the previously analyzed "B-like" B⌬U1 complex lacked the U1 snRNP (and thus, presumably, other proteins), which was apparently lost due to treatment with heparin (27) . The stringent nature of the isolation protocol previously used to isolate B complexes has also prevented any meaningful comparison of the proteome of the B⌬U1 complex with that of the A complex, which was isolated in the absence of heparin (19) . Thus, the isolation of spliceosomes at defined stages under more native conditions may provide important information about the complete set of proteins associated with a particular spliceosome assembly or functional intermediate and thus indicate when spliceosomal proteins could potentially act during the splicing cycle and at what stage they are initially recruited or lost.
Of particular importance are those protein recruitment events that are a prerequisite and/or that accompany the catalytic activation of the spliceosome. A number of recent studies have greatly expanded our understanding of the role of proteins at this critical stage of spliceosome maturation. Prp19 and a number of proteins that associate with it play a key role in the catalytic activation of the spliceosome (27, 39, 40) . In humans, Prp19 is stably associated with seven to nine proteins, including CDC5 (1, 27) . This hPrp19/CDC5 complex appears to be involved in the catalytic activation of the spliceosome, as its depletion from HeLa nuclear extract blocks pre-mRNA splicing prior to the first catalytic step but at a stage after U4/U6.U5 tri-snRNP association (27) . In Saccharomyces cerevisiae, Prp19 is present in the heteromeric NTC (for nineteen complex) protein complex that consists of at least eight proteins (9), only three of which have homologues that are present in the human hPrp19/CDC5 complex. Recent studies have revealed that the NTC acts subsequent to U4 dissociation, apparently stabilizing the association of U5 and U6 with the activated spliceosome (8) . The human hPrp19/CDC5 complex and its associated proteins appear to be stably integrated into the spliceosome (i.e., they remain bound in the presence of heparin) at the time of its activation (27) , but whether it is recruited at an earlier stage is not clear. In yeast, immunoprecipitation studies suggested that Prp19 first associates after B complex formation (39) . However, more recent data suggest that at least one component of the NTC complex, Clf1p, functions during tri-snRNP integration and thus may be recruited at an earlier stage of spliceosome assembly (10, 46) .
The ability to affinity purify spliceosomal complexes has not only allowed the analysis of their protein composition using MS but also enabled the first views of the three-dimensional structure of the spliceosome to be generated by electron microscopy (EM) studies. Higher-order structures at a resolution of 30 to 40 Å were obtained for the human spliceosomal B⌬U1 and C complexes by using single-particle electron cryo-microscopy (7, 22) . These complexes were isolated after performing in vitro splicing in HeLa nuclear extract, followed by affinity selection in the presence of heparin; thus several less tightly associated proteins may have been lost during purification. The B⌬U1 spliceosome, which has not yet undergone catalytic activation and contains the U2, U4/U6, and U5 snRNPs, has a triangular body and an additional upper globular domain and is 370 Å long with a maximum width of 260 Å (7). The C complex, on the other hand, which has undergone step I of splicing and contains the U2, U5, and U6 snRNPs, exhibits an asymmetrical shape with three major domains and overall dimensions of 270 by 220 by 240 Å (22) . Thus, it appears to be considerably smaller than the B complex. More recently, the three-dimensional structure of a single subunit of large 200S spliceosomal complexes (referred to as supraspliceosomes) was determined by cryo-EM (2). This complex, which is thought to be a single spliceosome, was isolated by biochemical means from HeLa nuclear extract, but its precise assembly stage(s) and protein composition are presently not known. In contrast to the structures described above, it exhibits a globular shape with a maximum height of 280 Å and consists of two distinct subunits. Thus, the three-dimensional structures currently available from three different spliceosomal preparations differ considerably in their sizes and shapes. Some of these apparent discrepancies are likely due to the fact that (i) different assembly/functional stages of the spliceosome were analyzed and (ii) that different purification methods were employed. Therefore, additional EM analyses are clearly needed to resolve current questions that remain regarding the structure of the human spliceosome.
To learn more about the catalytic activation of the spliceosome, as well as the dynamics of spliceosomal protein recruitment, we have isolated the human spliceosomal B complex, which is the spliceosome assembly intermediate that is structurally remodeled during catalytic activation. B complexes were assembled in HeLa nuclear extract and purified under native, low-stringency conditions using two independent purification methods: (i) glycerol gradient centrifugation followed by MS2-based affinity selection and (ii) tobramycin affinity selection coupled with anti-61K/hPrp31 immunoaffinity purification. In both cases purified complexes contained stoichiometric amounts of unspliced pre-mRNA and the U1, U2, U4, U5, and U6 snRNAs. MS2 affinity-selected B complexes were functionally committed for subsequent catalytic activation and splicing catalysis as evidenced by in vitro splicing assays with nuclear extract depleted of snRNPs. MS analyses revealed more than 110 proteins common to both affinity-purified human B complexes. Furthermore, they indicated that, in addition to tri-snRNP proteins, a large number of non-snRNP proteins, including the hPrp19/CDC5 complex and related proteins, are recruited to the pre-mRNA prior to catalytic activation. Finally, negative-stain EM was performed to elucidate the two-dimensional structure of the human B complex isolated under physiological conditions. These data provide important information about proteins associated with the precatalytic spliceosome, as well as its structure, just prior to the functionally decisive, spliceosome activation step. The ability to purify native, precatalytic spliceosomal complexes paves the way for complementation studies with purified proteins to dissect factor requirements for the subsequent activation and catalytic steps of splicing.
MATERIALS AND METHODS
Generation of aptamer-tagged pre-mRNA. A transcription template for the MINX pre-mRNA was generated from pMINX plasmid (54) by PCR. A PCR product containing three MS2 coat protein RNA binding sites was generated using pAdML-M3 (52), which was a kind gift from R. Reed. A transcription template for MINX pre-mRNA tagged with three MS2 RNA aptamers (MS2-tagged MINX) was generated by overlapping PCR of the MINX and MS2 PCR products. MINX pre-mRNA tagged with the J6f1 tobramycin RNA aptamer was generated as described previously (19) . Uniformly 32 P-labeled, m 7 G(5Ј)ppp (5Ј)G-capped pre-mRNA was synthesized in vitro by T7 runoff transcription.
MS2 affinity selection of spliceosomal B complexes. HeLa nuclear extract was prepared according to Dignam et al. (13) . To isolate spliceosomal B complexes under native conditions, we incubated MS2-tagged MINX pre-mRNA with a 20-fold molar excess of purified MS2-MBP fusion protein (21) at 4°C for 30 min prior to splicing in 20 mM HEPES-KOH (pH 7.9)-60 mM KCl. To affinity purify preparative amounts of the B complex, a reaction was carried out with a 12-ml splicing mixture containing 15 nM 32 P-labeled MS2-tagged MINX pre-mRNA (specific activity, 8,000 cpm/pmol). The splicing reaction was supplemented with 25 mM KCl, 3.0 mM MgCl 2 , 20 mM creatine phosphate, 2 mM ATP, and 40% HeLa cell nuclear extract in buffer D (20 mM HEPES-KOH, pH 7.9, 100 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, pH 8.0, 10% [vol/vol] glycerol, 0.5 mM dithioerythritol, and 0.5 mM phenylmethylsulfonyl fluoride). B complexes were assembled by incubating at 30°C for 8 min. Two-milliliter aliquots of the splicing reaction were loaded onto six 14-ml linear 10 to 30% (vol/vol) glycerol gradients containing G buffer (20 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl 2 , 150 mM NaCl). Gradients were centrifuged for 16 h at 80,000 ϫ g in a Sorvall TST 41.14 rotor and harvested manually in 500-l fractions from the top. Peak fractions containing the B complex were pooled, divided into two fractions, and loaded onto two separate columns containing 250 l of amylose beads (New England Biolabs) equilibrated with G buffer. The matrix was washed 6ϫ with 1 ml of G buffer, and spliceosomal complexes were eluted dropwise with 900 l of elution buffer (G buffer containing 12 mM maltose). Protein and RNA were recovered and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 10/13% polyacrylamide gel or by denaturing PAGE on an 8.3 M urea-9.6% polyacrylamide gel, respectively, and visualized by staining with silver and/or by autoradiography. For functional and EM studies, 600 l of the eluate were loaded onto a 3.8-ml linear (10 to 30%, vol/vol) glycerol gradient containing G buffer (EM studies) or G buffer with only 75 mM KCl (functional assays). Gradients were centrifuged for 107 min at 374,000 ϫ g in a Sorvall TH660 rotor, and 175-l fractions were harvested from the top (functional studies) or bottom (EM studies) of the gradient.
In vitro splicing assays with MS2 affinity-selected B complexes. HeLa nuclear extract was depleted of U2 or U4/U6 snRNPs by streptavidin agarose affinity selection using a biotinylated 2Ј-O-methyl (2Ј-OMe) RNA oligonucleotide complementary to the U2 snRNA or the 3Ј end of the U6 snRNA, respectively, as previously described (6, 34) . HeLa nuclear extract was treated with micrococcal nuclease as described previously (26) . In vitro splicing (15-l reaction volume) was performed essentially as described above for the indicated times with 30% U2-depleted, 30% U4/U6-depleted, 30% mock-depleted, or 35% micrococcal nuclease (MN)-treated HeLa nuclear extract and 5 l of the peak gradient fraction containing MS2 affinity-selected B complexes (ϳ13 fmoles). In parallel, an equimolar amount of 32 P-labeled MS2-tagged MINX was incubated under the same conditions. To assay whether the B complex is formed de novo during splicing complementation, in vitro splicing was performed with 32 P-labeled MS2-tagged MINX pre-mRNA or equimolar amounts of affinity-selected spliceosomal B complexes (5 l of peak gradient fraction) (specific activity of tagged pre-mRNA, 250,000 cpm/pmol) in the presence of an equimolar amount of radioactive, untagged MINX pre-mRNA (specific activity, 500,000 cpm/pmol) for 0 to 90 min. In each case, RNA was isolated, fractionated on an 8.3 M urea-9.6% polyacrylamide gel, and visualized by autoradiography.
Tobramycin affinity selection of spliceosomal B complexes. A mixture of A and B complexes was purified by affinity selection with a tobramycin aptamer-tagged MINX pre-mRNA essentially as described previously (19) . B complex was subsequently immunoaffinity purified from this mixture with anti-peptide antibodies directed against amino acids 484 to 497 of the U4/U6-61K (hPrp31) protein as previously described for the B⌬U1 complex, except that heparin was omitted (27) . Briefly, 24 15-l aliquots of tobramycin matrix bound with a tobramycin aptamer-tagged MINX pre-mRNA were prepared, and 750 l of a standard splicing reaction was added per 15 l of matrix and incubated for 60 min. After bound complexes were washed and eluted with an excess of tobramycin, glycerol was added to the eluate to a final concentration of 3% (vol/vol). The eluate was diluted fivefold with immunoprecipitation (IP) buffer (20 mM HEPES-KOH, pH 7.9, 150 mM NaCl, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol) containing 0.05% NP-40 and incubated for 3 h at 4°C with 250 l of protein A Sepharose bound with affinity-purified anti-61K/hPrp31 antibodies (approximately 350 g) that had been preblocked with 0.5 mg/ml bovine serum albumin and 0.05 mg/ml yeast tRNA. Beads were washed four times with IP buffer lacking NP-40, and bound material was eluted by incubating 1 h with IP buffer containing 3% glycerol (vol/vol) and 0.6 mg/ml cognate peptide. Protein and RNA were recovered and analyzed as described for the MS2 affinity selection of the B complex.
MS. MS analyses were performed on two individual preparations of both the MS2 (no. 1 and 2) and tobramycin affinity-selected complexes (no. 1 and 2). Proteins recovered from MS2 or tobramycin affinity-selected B complexes were separated by 10/13% SDS-PAGE and stained with Coomassie blue. An entire lane of the Coomassie blue-stained gel was cut into ϳ60 slices, and proteins were digested in gel with trypsin and extracted according to Shevchenko et al. (35) . The extracted peptides from the tobramycin (no. 1 and 2) and MS2 (no. 1) samples were analyzed in a liquid chromatography-coupled electrospray ionization quadrupole time of flight (Q-ToF Ultima; Waters) mass spectrometer, and MS2 (no. 2) was analyzed in a linear ion trap (4000 QTrap; Applied Biosystems) mass spectrometer, both under standard conditions. Proteins were identified by searching fragment spectra of sequenced peptides against the NCBI nonredundant database using Mascot as search engine.
EM. Negative staining was carried out by the double-carbon-film method (23) after fixing RNP complexes with glutaraldehyde. Briefly, complexes in solution were allowed to adsorb to a thin carbon film. The immobilized complexes were then transferred to a copper grid covered with a perforated carbon support film and stained for 2 min in a 2% (wt/vol) uranyl formate solution. Subsequently, they were overlaid with a second carbon film. Images of the sandwiched B complex were recorded with a Philips CM 200 FEG electron microscope (Philips, Eindhoven, Netherlands) at a magnification of ϫ122,000 with a TVIPS 4,000-by 4,000-pixel charge-coupled-device (CCD) camera (TemCam-F415; Gauting, Germany) using a Philips holder. The B⌬U1 complex was isolated as previously described (7) and imaged with a TVIPS 1,000-by 1,000-pixel camera at a magnification of ϫ27,000. For the B complex, the camera was used with a twofold coarsening of the pixels. Images were taken under low-dose conditions at a 1.5-to 3-m defocus and were computationally coarsened to a final pixel size corresponding to 9.8 Å on the specimen scale. Imagic-5 (Image Science, Berlin, Germany) was used for image processing of 7,500 individual molecular images (43) . Briefly, after a "reference-free" alignment procedure (alignment by classi-5530 DECKERT ET AL. MOL. CELL. BIOL. fication) (15) , images were subjected to multivariate statistical analysis (MSA) (42) and classification (41) . Based on the classification, 15 to 20 individual molecular images were averaged. The resulting class averages were used as reference images in subsequent rounds of alignment until the computed class averages were stable.
RESULTS
MS2 affinity selection of spliceosomal B complex. To isolate native B complexes under mild, low-stringency conditions, we first employed an MS2 affinity selection method previously used by other groups to isolate spliceosomal complexes (11, 21) . We introduced three bacteriophage MS2 coat protein binding sites (i.e., RNA aptamers) at the 3Ј end of exon 2 of the MINX pre-mRNA substrate (Fig. 1 ). Prior to incubating with HeLa nuclear extract under splicing conditions, 32 P-labeled pre-mRNA was incubated with a fusion protein consisting of the MS2 coat protein and maltose binding protein (MBP) (Fig. 1, step I) . Addition of the MS2 RNA aptamers to the splicing substrate had no effect on the kinetics of the in vitro splicing reaction; splicing intermediates were first observed after 10 min of incubation with both MINX and MS2-tagged MINX pre-mRNA ( Fig. 2A and data not shown). Analysis of splicing complex formation by native gel electrophoresis revealed that the B complex first appeared after 4 min of splicing and reached its maximal level by 8 min (data not shown). Thus, to isolate complexes that are in a precatalytic state, splicing was carried out with the MS2-tagged MINX pre-mRNA for 8 min under splicing conditions in HeLa nuclear extract (Fig. 1 , step II).
The splicing reaction was then subjected to glycerol gradient centrifugation in order to separate the B complex from other RNP complexes such as the spliceosomal A complex (Fig. 1 , step III). Analysis of the distribution of radioactivity across the gradient revealed that the majority of complexes peaked in either the 30S or the 40S region of the gradient (data not shown). Characterization of the pre-mRNA and snRNA content of these peaks revealed that the 30S peak contains a mixture of H and A complexes, whereas the 40S peak contains the B complex (data not shown). To further purify the B complex, affinity-selection with amylose beads was performed with the 40S gradient fractions, and bound spliceosomal complexes were eluted under native conditions by incubating with an excess of maltose ( Fig. 1, step IV) .
RNA was subsequently recovered from the eluate and analyzed by denaturing-PAGE, followed by silver staining. The eluate contained equimolar amounts of uncleaved pre-mRNA, U1, U2, U4, U5, and U6 snRNA (Fig. 2B , lane 2), confirming that the vast majority of complexes present are B complexes and have not undergone catalytic activation (i.e., release of U1 and U4). Only minor amounts of high-molecular-weight RNA were also visible on the gel. Aside from unspliced pre-mRNA, only faint amounts of the intron-lariat intermediate (but no splicing products) were detected in the eluate, as evidenced by autoradiography (Fig. 2B , lane 4), confirming that essentially pure precatalytic spliceosomal complexes had been isolated.
Prior to functional and structural studies using electron microscopy (see below), the eluate was fractionated on a second 10 to 30% glycerol gradient in order to remove the excess of maltose that was used to elute amylose-bound complexes. The majority of the eluted complexes peaked in the 40S region of the gradient (data not shown), suggesting that the purified B complexes are relatively stable. However, analysis of the RNA content of the 40S peak fraction revealed that, whereas nearly equimolar amounts of pre-mRNA, U2, U4, U5, and U6 were present, U1 was somewhat underrepresented (data not shown).
MS2 affinity-selected B complexes are functionally committed for subsequent activation and splicing catalysis. To assay whether or not MS2 affinity-purified B complexes are functionally committed to splicing, we first depleted HeLa nuclear extract either specifically of U2 snRNPs or U4/U6 snRNPs using biotinylated 2Ј-OMe oligonucleotides complementary to FIG. 1. Schematic diagram of the MS2 affinity purification strategy used to isolate human spliceosomal B complexes. MINX pre-mRNA tagged at its 3Ј end with three RNA binding sites of the MS2 coat protein was preincubated with a fusion protein of the MS2 coat protein and MBP (step I). Subsequently, nuclear extract was added and spliceosomes were allowed to form for 8 min (step II). Complexes were then fractionated by size on a linear 10 to 30% glycerol gradient (step III). Spliceosomal B complexes from the 40S peak fractions were affinity selected using amylose beads and subsequently eluted with maltose (step IV).
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U2 or U6, respectively, followed by streptavidin-agarose affinity selection, or of all endogenous snRNPs by treating with MN. Analysis of the RNA content of these extracts revealed that, in each case, quantitative digestion or depletion of the targeted snRNPs was achieved (data not shown). Significantly, in the presence of U2-or U4/U6-depleted nuclear extract, purified B complexes catalyzed both steps of splicing ( Fig. 3A and B), whereas no splicing was observed even after 90 min when an equimolar amount of naked, 32 P-labeled MS2-tagged MINX pre-mRNA was added (data not shown). Likewise, purified B complexes, but not naked MINX pre-mRNA, underwent splicing in MN-digested extract, which is devoid of all snRNPs (Fig. 3C) . To rule out the possibility that the affinityselected B complexes dissociate under splicing conditions and new splicing-active B complexes are subsequently formed, we performed splicing in MN-treated nuclear extract in the presence of an equimolar amount of 32 P-labeled MINX pre-mRNA lacking a tag and MS2 affinity-purified B complexes. As a control, splicing was also performed with an equimolar amount of MS2-tagged and untagged MINX premRNA. As expected, neither naked MS2-tagged pre-mRNA nor untagged pre-mRNA was spliced in the MN-treated extract (Fig. 3D, lanes 1 to 6) . Significantly, although the tagged substrate within the purified B complexes underwent splicing, splicing of the untagged pre-mRNA in the same reaction was not detected (Fig. 3D, lanes 7 to 12) . Thus, splicing-active B complexes are not formed de novo under these conditions; identical results were also obtained with the MS2 eluate that was not subjected to a second gradient centrifugation step (data not shown).
FIG. 2. Characterization of MS2 affinity-selected B complexes. (A)
In vitro splicing kinetics of 32 P-labeled MS2-tagged MINX pre-mRNA. Splicing was performed in HeLa cell nuclear extract for 0 to 20 min as indicated above each lane. RNA was recovered and separated on an 8.3 M urea-10% polyacrylamide gel. The 32 P-labeled pre-mRNA and splicing intermediates or products were detected by autoradiography, and their positions are indicated on the right; note that the straight line represents debranched, excised intron. The lengths (in base pairs) of a size marker (3Ј end-labeled MspI cleaved pBR322) (NEB) are indicated on the left. (B) RNA composition of MS2 affinity-purified B complexes. Spliceosomal complexes were isolated as described in Fig. 1 , and RNA was recovered from 20% of the MS2 eluate (lanes 2 and 4). For comparison, RNA was also isolated from 0.2% of the input splicing reaction (lanes 1 and 3). RNA was separated on an 8.3 M urea-10% polyacrylamide gel and visualized by staining with silver (lanes 1 and 2) or by autoradiography (lanes 3 and 4) . The positions of the pre-mRNA, splicing intermediates or products, and/or snRNAs are indicated on the right and left. The band indicated by an asterisk is a pre-mRNA degradation product.
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Taken together, these experiments demonstrate that MS2 affinity-selected B complexes do not require complementation with any of the spliceosomal snRNPs for their activity but, rather, that they are functionally committed for the subsequent steps of splicing (as opposed to being "dead-end" complexes). However, incubation of purified B complexes (subjected to either one or two rounds of glycerol gradient centrifugation) under splicing conditions but in the absence of extract did not result in splicing (data not shown). Thus, these purified complexes appear either to lack one or more factors required for subsequent spliceosome activation and/or catalysis or potentially to contain a full protein complement but lack functionally important posttranslational protein modifications (see Discussion).
Tobramycin affinity selection of spliceosomal B complex. For MS studies, the human B complex was additionally purified by an independent, low-stringency method, involving tobramycin affinity selection followed by immunoaffinity selection. Tobramycin RNA aptamer-tagged MINX pre-mRNA was first immobilized on a tobramycin-derivatized Sepharose matrix (Fig. 4A, step I) . The matrix-bound pre-mRNA substrate was incubated for 60 min under splicing conditions (Fig.  4A, step II) . The kinetics of the solid phase splicing reaction are much slower than that observed in solution, with a very low level of splicing intermediates (but no products) appearing first after 60 min (19; data not shown). Thus, after 60 min, essentially only precatalytic spliceosomal complexes have formed. Spliceosomal complexes were then eluted with an excess of tobramycin (Fig. 4A, step III) . The resultant eluate contained a mixture of predominantly A and B complexes (19; data not shown).
To purify the B complex from this mixture, immunoaffinity selection was subsequently performed with anti-peptide antibodies directed against the U4/U6-61K (hPrp31) protein that had been immobilized on protein A Sepharose (Fig. 4A, step  IV) . Anti-61K/hPrp31 antibodies, which specifically react with this U4/U6 protein in immunoblots, were previously used to isolate B⌬U1 spliceosomes, albeit in the presence of heparin (27) . Analytical immunoprecipitation studies indicated that B complexes could also be efficiently precipitated by these antibodies even in the absence of heparin (data not shown). Bound material was subsequently eluted under native conditions with FIG. 3 . MS2 affinity-selected spliceosomal B complexes catalyze splicing in nuclear extracts depleted of snRNPs. MS2 affinity-selected spliceosomal B complex was incubated for the indicated times (0 to 90 min) in HeLa nuclear extract from which U2 snRNPs (A) or U4/U6 snRNPs (B) were depleted using biotinylated 2Ј-OMe oligonucleotides complementary to the U2 or U6 snRNA. (C) Naked 32 P-labeled MS2-tagged MINX pre-mRNA (MS2-pre-mRNA) (lanes 1 to 6) or MS2 affinity-selected spliceosomal B complex (B complex) (lanes 7 to 12) was incubated from 0 to 90 min under splicing conditions in the presence of MN-treated HeLa nuclear extract. (D) Naked 32 P-labeled MS2-tagged MINX pre-mRNA (MS2-pre-mRNA) (lanes 1 to 6) or MS2 affinity-selected spliceosomal B complex (B complex) (lanes 7 to 12) was incubated for 0 to 90 min (as indicated above each lane) under splicing conditions together with an equimolar amount of untagged, naked 32 P-labeled MINX pre-mRNA in the presence of MN-nuclear extract. In each case, RNA was recovered and analyzed as described in the legend of Fig. 2A an excess of 61K (hPrp31) peptide (Fig. 4A, step V) , and the RNA content of the eluate was analyzed by denaturing PAGE. As shown in Fig. 4B , lane 4, the eluate contained almost exclusively unspliced tobramycin-tagged pre-mRNA and only faint amounts of lariat intermediate but no product. Thus, essentially only precatalytic spliceosomal complexes had been isolated. As the tri-snRNP is first incorporated during B complex formation, the eluate should also be free of H/A complexes which do not contain the U4/U6-61K (hPrp31) protein.
Indeed, complexes in the eluate contained the full set of snRNAs in nearly stoichiometric amounts, indicating that predominantly B complexes had been isolated (Fig. 4B, lane 2) . As   FIG. 4 . Purification strategy and RNA composition of B complexes purified by tobramycin affinity selection coupled with anti-61K immunoaffinity purification. (A) Schematic diagram of the two-step tobramycin-immunoaffinity purification strategy used to isolate human spliceosomal B complexes. Pre-mRNA tagged at its 3Ј end with the tobramycin RNA aptamer was bound to a tobramycin matrix (step I). Spliceosomal complexes were allowed to form for 60 min by incubating under splicing conditions in the presence of nuclear extract (step II). After elution with tobramycin (step III), precatalytic spliceosomal B complexes were isolated by immunoaffinity selection using anti-peptide antibodies directed against the U4/U6-61K (hPrp31) protein (step IV). Spliceosomal B complexes were subsequently eluted with cognate peptide (step V). (B) RNA composition of tobramycin-immunoaffinity purified B complexes. RNA was recovered from 12% of the anti-61K/hPrp31 eluate (lanes 2 and 4) and also isolated from 0.2% of the input material used for binding to the tobramycin matrix (lanes 1 and 3) . RNA was separated on an 8.3 M urea-10% polyacrylamide gel and visualized by staining with silver (lanes 1 and 2) or by autoradiography (autorad; lanes 3 and 4). The positions of the pre-mRNA, splicing intermediates or products, and/or snRNAs are indicated on the right and left. The band indicated by an asterisk is a pre-mRNA degradation product. Tob, tobramycin; NHS, N-hydroxysuccinimide.
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on June 27, 2017 by guest http://mcb.asm.org/ with the MS2 approach, minor amounts of high-molecularweight RNA were also visible on the gel. Nonetheless, our data indicate that by using a combination of tobramycin and immunoaffinity selection, highly pure human B complexes can be obtained. MS of the MS2 and tobramycin affinity-selected B complexes. To determine the proteome of the human spliceosomal B complex isolated under mild conditions, proteins were recovered from two independent preparations of both the MS2 and tobramycin affinity-selected B complexes and separated by SDS-PAGE. Proteins were subsequently identified by liquid chromatography-tandem MS, and their presence in each of the four B complex preparations (indicated by the absolute number of peptides sequenced in each preparation) is summarized in Tables 1 and 2 . Most proteins identified were consistently identified in all B complex preparations (i.e., 4 out of 4 isolates), and thus they clearly represent B complex components. A few additional proteins were found in both MS2 and tobramycin affinity-purified complexes but were detected in only two or three out of four preparations, suggesting that they are less stably associated B complex components that are more readily lost during purification. Finally, 35 proteins were detected in only one out of four preparations. Thus, they likely represent non-B complex components that are associated with other spliceosomal complexes (i.e., A, B*, and C complexes) that may be present in low amounts in our B complex preparations (Table 2) . Indeed, based on the absolute number of peptides identified for these proteins, most of them appear to be present in very low amounts.
A total of 118 proteins were identified at least once in both B complex preparations (Table 1) , whereas 11 proteins were found solely in the MS2 affinity-selected B complex, and 11 were found solely in the tobramycin affinity-selected B complex. These differences in protein composition are likely due to differences in the two purification methods employed, which may lead to the loss of a specific set of proteins in each case. Alternatively, as they were not observed in both affinity-selected B complex preparations, they might represent contaminants. However, all but 3 of the proteins identified solely in the MS2 or tobramycin affinity-selected B complexes (i.e., PPIL4, PRMT5, and MEP50) have been shown previously (i) to participate in pre-mRNA splicing and/or (ii) to be associated with spliceosomal complexes, arguing that most are bona fide spliceosomal proteins.
As in the human A complex, which was isolated previously under similar conditions (19) , all U1 snRNP-specific (i.e., C, A, and 70K) and 17S U2 snRNP-specific proteins (i.e., U2-AЈ/BЉ and all SF3a and SF3b subunits) were detected in both affinityselected B complex preparations (Table 1) . Several U2-associated proteins (e.g., SPF45, SPF30, and hPrp43p) were also found in both preparations. In addition to numerous SR and hnRNP proteins, the cap binding proteins CBP20 and CBP80, and the early factors U2AF65 and U2AF35, many of the other non-snRNP proteins previously detected in tobramycin affinitypurified A complexes were also found in the B complex (Table 1) . However, five non-snRNP proteins previously detected in purified A complexes (i.e., FLJ10839, RBM5/LUCA15, E1B-APS, SMC1/2, and FLJ21007), some of which have no known function in splicing, were not detected in our B complexes, suggesting that they are lost during the transition from the A to B complex. Thus, they may associate solely with early splicesomal complexes, and, if they indeed contribute to the splicing reaction, they likely act prior to B complex formation.
A comparison of the proteomes of the A and B complexes further revealed that a large number of proteins are recruited to the pre-mRNA during B complex formation ( Table 1) . As expected for the B complex, nearly all U5-, U4/U6-, and trisnRNP-specific proteins were detected. Exceptions were Lsm5 and the 27K protein, from which tryptic peptides are difficult to identify by MS (H. Urlaub, personal communication). Strikingly, over 50 non-snRNP proteins not previously detected in the A complex were also found, suggesting that they are first recruited at the time of B complex formation. These include, among others, all components of the hPrp19/CDC5 complex, a group of 10 hPrp19/CDC5-related proteins, subunits of the newly identified RES (retention and splicing) complex, and human homologues of the S. cerevisiae proteins Snu23 and Prp38, which were detected in yeast (but not human) trisnRNP complexes (18, 36) (see below for detailed discussion). Thus, these proteins are recruited prior to spliceosome activation and thus potentially play a role in the transition from the B complex to the catalytically activated B* complex. In contrast, several proteins known to act during the second step of splicing (i.e., hPrp16, hPrp18, and hPrp22), as well as most components of the exon junction complex (EJC) that is deposited 20 nucleotides upstream of exon-exon junctions during pre-mRNA splicing (reviewed in reference 37), were not found. Thus, this group of ϳ15 proteins appears to be recruited either after catalytic activation or after the first step of splicing.
EM of purified native B complexes. To determine the structure of native B complexes, MS2 affinity-purified particles were negatively stained with uranyl formate and analyzed by EM. A typical EM raw image of the B complex shows monodisperse particles of similar sizes (Fig. 5B) . The particles appear rhombic with a maximum dimension of 420 Å (Fig. 5B) . In comparison to images obtained with the heparin-treated B⌬U1 complex (7) (Fig. 5A) , several significant improvements can already be detected at the level of the raw electron microscopic image. Smaller particles that may represent dissociation products of the B complex cannot be detected, ensuring that subsequent image analysis is indeed performed with an intact spliceosome, rather than one or more breakdown products. Additionally, the concentration of particles has more than doubled, and the staining appears very homogeneous, which facilitates computerized image analysis. A total of 7,500 molecular images were subjected to image processing. Characteristic two-dimensional averages of the spliceosomal B complex were obtained by averaging ϳ20 individual images after "reference-free" image alignment, MSA, and classification (Fig. 5C ). As expected from the improved quality of the raw images, the eigenimages obtained by MSA clearly indicate a structurally more homogeneous preparation in comparison to previous images of the B⌬U1 complex (data not shown). The most frequent class averages (the first three from the top in Fig. 5C ) show a central density surrounded by four peripheral density elements. The central density and the three peripheral density elements in the lower part of the image are arranged in a triangular shape of similar size in these class averages (Fig. 5C) of the fourth density in the upper part of the image is different. The size and shape of the lower part of the image are reminiscent of the projection of the triangular body of the B⌬U1 complex, which was isolated under stringent conditions (7) . The density in the upper part of the image corresponds to the head density of the B⌬U1 complex. In spite of being structurally better defined than the B⌬U1 complex, the head region of the MS2 affinity-purified B complexes displays conformational heterogeneity. However, due to improved structural definition of the entire complex, the head density of the native complex clearly reveals more fine structural details in the class averages compared to the B⌬U1 complex and appears to be larger (Fig.  5C ). This is also consistent with the fact that it contains significantly more proteins than the latter complex.
DISCUSSION
Here, we have purified native B complexes under low-stringency conditions, using two independent affinity selection methods. Complexes isolated by both methods contained nearly stoichiometric amounts of unspliced pre-mRNA, U1, U2, U4, U5, and U6 snRNA, consistent with their designation as precatalytic spliceosomal B complexes. MS2 affinity-purified B complexes were shown to be functional, catalyzing splicing in nuclear extract depleted of one or more of the spliceosomal snRNPs. Subsequent characterization of the protein composition of both B complex preparations indicated that a large number of non-snRNP proteins are recruited to the spliceosome prior to its catalytic activation. Proteins detected in both a Proteins were identified by liquid chromatography-tandem mass spectrometry after separation by SDS-PAGE. b Asterisk, non-snRNP proteins that were found previously in the A complex and also were detected more than once in B complex preparations. c The presence of a protein (indicated on the left) in tobramycin and MS2 B complex preparations is indicated by a number which represents the absolute number of peptides sequenced for that protein. Note that a number of proteins were detected in multiple bands; also because the tandem MS analysis of MS2 no. 2 was performed in a linear ion trap, the overall number of sequenced peptides per protein is higher (on average), compared to the other B complex preparations (which were analyzed in a quadropole-time of flight MS instrument). TOB 1 and 2, B complexes purified by tobramycin affinity selection followed by immunoaffinity purification with antibodies against the U4/U6-61K (hPrp31) protein; MS2 1 and 2, B complexes purified by glycerol gradient centrifugation followed by MS2 affinity selection.
d Proteins identified previously in tobramycin affinity-selected A complexes (19) are indicated by a plus sign. Several ribosomal proteins and translation elongation factors (not shown) were also detected but, based on the low number of peptides identified, appear to be present in substoichiometric amounts and likely represent contaminants.
e The gene names of the S. cerevisae and S. pombe homologues of the indicated human protein are given. A question mark indicates that it is currently not clear whether the indicated yeast protein is a true functional homolog. BLAST alignments of both p68 (DDX5) and p72 (DDX17) revealed significant homology to S. cerevisiae DBP2 and S. pombe dbp2 (between 56 and 59% sequence identity, respectively). Since true homology remains to be verified, DBP2 and dbp2 are both enclosed in parentheses. B complex preparations included (i) nearly all proteins found in the human A complex (including U1 and U2 snRNP proteins), (ii) essentially all U4/U6.U5 tri-snRNP proteins, and (iii) a large number of non-snRNP proteins that were not previously detected in the A complex.
MS2 and tobramycin affinity-purified B complexes are highly pure. A number of observations attest to the high purity of the B complexes that we have isolated. Our purified B complexes were not contaminated with post-second step spliceosomal/mRNP complexes as (i) no spliced mRNA was detected and (ii) almost no known components of the EJC complex, which associates with spliced mRNPs, were found. Only faint amounts of splicing intermediates (less than 2% of total pre-mRNA) were detected in our purified complexes, indicating that greater than 98% are precatalytic. In addition, the presence of stoichiometric amounts of both the U4 and U1 snRNAs further suggests that the vast majority of these complexes have not undergone catalytic activation. Finally, purified MS2 affinity-selected complexes appeared structurally homogeneous under the electron microscope, consistent with the idea that they consist predominantly of spliceosomes stalled at a single assembly stage.
A large number of B complex proteins are lost upon treatment with heparin. Compared to B complexes previously isolated by immunoaffinity purification followed by glycerol gradient centrifugation under stringent conditions (i.e., in the presence of heparin; designated B⌬U1) (27) , the purified B complexes analyzed here contain considerably more proteins. This indicates that a large number of proteins that associate with the B complex are not stably bound; that is, their association does not withstand heparin treatment. These include, among others, most SR and hnRNP proteins and nearly all components of the Prp19/CDC5 complex and related proteins (discussed in more detail below). In contrast, those proteins that are present in both complexes-such as all 17S U2 core proteins, nearly all tri-snRNP proteins (excluding U5-100K, Lsm2/Lsm6, and the tri-snRNP-specific 65K protein), and ϳ25 non-snRNP proteins-represent more stably integrated B complex components. As less stringent conditions were used in a Column designations and abbreviations are as described in the notes to Table 1 . b The presence of a protein (indicated on the left) in tobramycin (TOB) and MS2 B complex preparations is indicated by a number which represents the absolute number of peptides sequenced for that protein.
c Proteins identified previously in tobramycin affinity-selected A complexes (19) are indicated by a plus sign.
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this study, proteins that were detected in B⌬U1 but not in the MS2 or tobramycin affinity-selected B complexes (a total of 8 proteins) likely represent either nonspliceosomal contaminants (e.g., Ncor1, Npat, or TBLR1 which have not been detected in any other MS study of spliceosome-associated proteins) or are potentially components of B*/C spliceosomal complexes that may be present in low amounts in the B⌬U1 preparation. Thus, a comparison of the proteomes of B complexes isolated at 150 mM either in the presence or absence of heparin provides useful information about the strength of association of B complex components identified in this study. The vast majority of A complex proteins are also present in the B complex. As both complexes were isolated under very similar conditions, a meaningful comparison of the proteome of the B complexes isolated here with that of the previously described A complex can be made (19) . Like the spliceosomal A complex, the human B complex contains the U1 snRNP specific proteins, U1-70K, U1-A, and U1-C, and all core 17S U2 snRNP proteins (SF3a, SF3b, U2-AЈ, and U2-BЉ). Several U2-associated proteins that copurified with human 17S U2 snRNPs (e.g., hPrp43, SPF45, and SPF30) (49) were present in both A and B complexes. In contrast, the U2-and A complexassociated, DEAD-box protein hPrp5 was notably absent in all B complex preparations. Thus, it appears to be only transiently associated with the pre-mRNA prior to B complex formation. Prp5 plays an important role in bridging the U1 and U2 snRNPs within the A complex (51) , and its absence in the B complex is consistent with the idea that its activity or presence is only required for early spliceosome assembly events.
Interestingly, the early splicing factors U2AF35 and U2AF65 were also present in the B complex, indicating that they remain associated at least until this stage of spliceosome assembly; previous studies with purified spliceosomes had suggested that both U2AF subunits are largely lost already during the transition from the E to A complex (4). A very similar, but not identical, set of SR and hnRNP proteins was also found in both the A and B complexes. Likewise, most of the other non-snRNP, A complex proteins were also present in our B complexes, with the exception of FLJ10839, RBM5/LUCA15, E1B-APS, SMC1/2, and FLJ21007. The apparent loss of the latter proteins is a first indication that they associate solely with early splicesomal complexes and function prior to B complex formation.
A large number of proteins, including the hPrp19/CDC5 complex, are recruited during B complex formation. A comparison of the proteomes of the A and B complexes isolated under low-stringency conditions indicates that a large number of proteins are recruited to the pre-mRNA during B complex formation. As expected, essentially all proteins of the U4/ U6.U5 tri-snRNP, which is recruited during B complex formation, were detected in the MS2 and tobramycin affinity-selected B complexes. Exceptions include only those proteins that are typically difficult to detect by MS (i.e., Lsm5 and the 27K tri-snRNP-specific protein). Unexpectedly, U5-52K, which was previously reported to be lost upon formation of the U4/U6.U5 tri-snRNP (25) , was also found. Interestingly, human homologues of the yeast tri-snRNP proteins Snu23 and Prp38, as well as the human homologue of Spp382p (designated TFIP11), which is a genetic suppressor of yeast Prp38 (Shatakshi Pandit and Brian Rymond, personal communication), were also identified. None of these proteins is detected by MS in purified human U4/U6.U5 tri-snRNPs (data not shown). Like most of the human tri-snRNP proteins, hSnu23, hPrp38, and TFIP11 are recruited during B complex formation, and hSnu23 and TFIP11 are also stably integrated at this stage, as evidenced by their presence in heparin-treated B⌬U1 complexes (27) . Thus, one or more of these proteins may contribute to tri-snRNP FIG. 5 . EM of the native spliceosomal complex B. (A) CCD image of negatively stained complex B⌬U1. Particles were purified as previously described (7), adsorbed onto a carbon film, and sandwiched beneath another carbon film in 2% (wt/vol) uranyl formate. The images were taken at a magnification of ϫ27,500 under low-dose conditions. Bar, 1,500 Å. (B) CCD image of negatively stained complex B. Particles were adsorbed onto a carbon film and sandwiched beneath another carbon film in 2% (wt/vol) uranyl formate. The images were taken at a magnification of ϫ122,000 under low-dose conditions. Bar, 1,500 Å. on June 27, 2017 by guest http://mcb.asm.org/ integration during B complex formation and/or may be involved in subsequent spliceosome activation or catalysis. Indeed, yeast Prp38p is an essential splicing factor that is required for conformational changes leading to catalytic activation of the spliceosome, i.e., U4/U6 snRNA intermolecular helix unwinding and U4 snRNA release (5, 50) . Consistent with these results, the association of the human Prp38 protein with the spliceosome is destabilized concomitantly with the U4 snRNA and U4/U6-associated proteins, namely, during spliceosome activation (26) . Genetic depletion of yeast Snu23p leads to a block in pre-mRNA splicing in vivo, but its precise function remains unknown (18) . Finally, human TFIP11, which remains stably associated with the spliceosome at least until step I (i.e., it is found in purified B* and C complexes) (21, 26) , was also recently shown to function in pre-mRNA splicing, although its precise role also remains to be determined (47) . Unexpectedly, all recently identified subunits of the human 14S Prp19/CDC5 complex (i.e., hPrp19, CDC5L, SPF27, PRL1, CCAP1/hsp73, CCAP2/AD002, and ␤-like catenin 1) were found in both B complex isolates, as along with Npw38BP and Npw38, which also appear to copurify with the Prp19/ CDC5 complex (27) . Likewise, 10 additional proteins, which we have designated Prp19/CDC5-related proteins, based on evidence that they (or their yeast homologue) physically or genetically associate with Prp19/CDC5, were also found ( Table  1) . Most of these proteins are components of the 35S U5 snRNP, a form of U5 that is generated by RNP remodeling events within the spliceosome during its catalytic activation (26) . Prp19/CDC5 and associated proteins were absent or highly underrepresented in the B⌬U1 complex, indicating that they are recruited during B complex formation but stably integrated at a later stage. Indeed, previous studies confirmed that they are stable components of the B* complex (26) . Thus, this large group of proteins interacts with the pre-mRNA prior to catalytic activation, but during subsequent RNP remodeling events accompanying catalytic activation, they become stably associated. Although the heptameric Prp19/CDC5 complex is recruited prior to activation, functional studies in humans indicate that components of this complex are not required for tri-snRNP addition (1, 27) but, rather, act at a subsequent step. However, several of the hPrp19/CDC5-related proteins could potentially act at this stage.
Indeed, that components of the yeast Prp19 complex function prior to activation (and thus also associate earlier) has been suggested by recent experiments. In yeast, Prp19p is associated with at least eight proteins, forming the NTC, which is involved in the catalytic activation of the spliceosome (reference 8 and references therein). Three NTC components, Prp19, Cef1/CDC5, and Snt309 (human SPF27), are also found in the human Prp19/CDC5 complex, whereas the remaining NTC components are among those human proteins that we have designated Prp19/CDC5-related (Table 1 ). Previous immunoprecipitation studies suggested that Prp19p first interacts with the yeast spliceosome concomitant with or just after catalytic activation (39) . However, these studies did not rule out that Prp19 might interact at an earlier stage; its presence in early complexes may have escaped detection due to the limitations of the experimental methods employed. More recent data revealed that Clf1 (the yeast homologue of the human protein hSyf3), a component of the NTC, functions during the transition from complex A to B and thus associates with the spliceosome prior to its activation (10, 46) . Thus, the recruitment of at least one Prp19/CDC5-related protein prior to the activation step appears to be conserved between yeast and man.
Components of the RES complex are found in the B complex. Recently, a trimeric complex termed RES (for retention and splicing) containing three proteins, namely, Bud13p, Pml1p and Snu17p, was identified in yeast (16) . This complex was shown to be required for efficient splicing and the retention of pre-mRNA in the yeast nucleus. Furthermore, pull-down experiments indicated that it associates with the yeast spliceosome prior to step I (16) . Human homologues of the RES complex subunits, namely MGC13125, Snip1, and CGI-79, were also identified, but their function is currently unknown. Significantly, MGC13125, Snip1, and CGI-79 were detected in purified B complexes, providing a first indication that, like components of the yeast RES complex, they are involved in splicing and might act prior to the first catalytic step of splicing.
Most second-step factors and components of the EJC complex are recruited after B complex formation. Although B complex formation entails the recruitment of a large number of spliceosomal proteins, key proteins that function at later stages of the splicing reaction appear to be recruited at subsequent steps of spliceosome assembly/function. Indeed, most second-step factors (i.e., hPrp16, hPrp18, and hPrp22) (20, 32, 53) were not detected in our purified B complexes. Furthermore, although hSlu7 was detected once in each preparation, only one hSlu7 peptide was identified in each instance, suggesting that it is present in very low amounts. In contrast, the second-step factor hPrp17, as well as the first-step factor hPrp2, were found in the MS2 but not in tobramycin affinityselected complexes, suggesting that these factors are recruited prior to step I of splicing. Indeed, the yeast homologues of these proteins were also shown to associate with spliceosomes prior to catalytic step I (3, 24) . Taken together, our results indicate that functionally important protein recruitment events take place after B complex formation.
During pre-mRNA splicing, a complex of proteins (designated the EJC) is deposited ϳ20 nucleotides upstream of exon-exon junctions (reviewed in reference 37). This complex consists of a tetrameric core containing eIF4AIII, Magoh, Y14, and MLN51 and at least 12 additional proteins that include, among others, Pinin and SRm160 (38) . At present the assembly pathway of the EJC during splicing is poorly understood. Most EJC-associated proteins were not found in our affinitypurified B complexes, consistent with the idea that they interact with the pre-mRNA at later stages of splicing. Exceptions included Y14, UAP56, Pinin, Acinus, SRm160, and eIF4AIII. However, these proteins were typically observed in only one out of four B complex preparations, and only a relatively low number of peptides was identified in most cases. Thus, these proteins appear to be highly underrepresented in our purified complexes. SRm160 and Pinin have been shown additionally to function in pre-mRNA splicing per se (17, 45) . Thus, these proteins might associate with the spliceosome at a much earlier stage, independent of other components of the EJC complex. Previous studies indicated that the heparin-resistant (i.e., stable) association of most EJC factors occurs first at the time of catalytic activation or C complex formation (21, 26 Analysis of the factor requirements for catalytic activation and step I of splicing using MS2 affinity-selected B complexes. MS2 affinity-purified B complexes catalyzed splicing in nuclear extract depleted of one or more of the spliceosomal snRNPs, indicating that they are not dead-end assembly intermediates. However, they were not capable of catalyzing splicing in the absence of nuclear extract when incubated under splicing conditions. This suggests that one or more factors required for catalytic activation and/or the catalytic steps of splicing is missing. Indeed, as described above, these complexes did not contain essential step II factors, such as hPrp16, hPrp18, or hPrp22. Thus, it is not unexpected that splicing products could not be formed. However, all currently known factors required for catalytic activation, as well as the first step of splicing (e.g., hPrp2), were detected in these complexes. As catalytic activation was not assayed per se, it is not clear whether our purified B complexes alone can undergo the conformational rearrangements that accompany this functionally decisive step. Nonetheless, splicing intermediates were not detected, suggesting that one or more factors required for subsequent spliceosome activation and/or catalysis are lacking. Potential candidates include those proteins previously identified by MS in purified B* and/or C complexes that were not found in our MS2 affinitypurified B complexes. Excluding step II factors and EJC components, this includes only a handful of proteins (21, 26) .
Alternatively, MS2 affinity-purified B complexes could potentially contain a full protein complement required for at least the first step of splicing, but the incorrect posttranslational modification status of one or more spliceosomal proteins may block catalysis. Posttranslational modifications play an important role in splicing. Spliceosome assembly is dependent on the phosphorylation of spliceosomal proteins such as members of the SR protein family, and SF3b155 is hyperphosphorylated just prior to or during the first catalytic step of splicing (44) . In contrast, the catalytic steps of splicing require protein dephosphorylation that is mediated by members of the PP1 and PP2 phosphatase families (28, 30) . Significantly, only PP1 was detected in our MS2 affinity-selected B complexes. However, whether it alone is sufficient to catalyze the dephosphorylation events required for catalysis is currently not known.
To precisely determine which functionally important components are lacking in our purified B complexes, we are currently performing reconstitution experiments with fractionated HeLa nuclear extract. These studies may elucidate novel factors required for the catalytic activation of the B complex as well as for the first step of splicing. Thus, the availability of native B complexes for future studies represents an important step toward functionally dissecting the spliceosome's catalytic activation step in vitro.
EM of MS2 affinity-purified B complexes. Negatively stained images of MS2 affinity-purified B complexes could be obtained with much improved image quality compared to previous spliceosome preparations. Visual inspection of EM raw images already revealed greatly enhanced and uniform image contrast and a significantly higher amount of particles per specimen area, which greatly facilitates computerized image analysis of these complexes. The most significant difference to previous EM work on spliceosomal complexes is the high level of structural preservation and homogeneity, which is evidenced by the fact that practically no dissociation products could be detected. This is also reflected by the high signal in the eigenimages, which can be used as a means to evaluate the level of structural features that can be detected reproducibly at the same place within the images of a given data set. In contrast to what one may have assumed, the mild conditions used for the purification of MS2 affinity-purified B complexes allows for the isolation of spliceosomal complexes that are more structurally homogeneous than those isolated under more stringent purification conditions. In summary, images of MS2 affinity-purified B complexes are at an unprecedented quality level, and thus they should be well suited for three-dimensional structure analyses, based on criteria such as their structural integrity and homogeneity.
However, in the initial image processing analysis we could still detect potential movements of the two major structural domains, the triangular body and the head domain, relative to each other. The level of conformational heterogeneity present in the data set appears to be slightly reduced compared to the B⌬U1 complex. However, there is still a significant amount of conformational heterogeneity remaining which makes highresolution structure determination difficult and which will require new computational tools to deal with. To what extent this conformational heterogeneity reflects dynamic movements in the spliceosome that are required for its function is presently not clear. There are many indications based on other macromolecular complexes such as ribosomes (12) or the anaphase promoting complex (14) that such flexibilities indeed play important roles in terms of function. Indeed, the observed conformational heterogeneity may represent different states where the spliceosome is waiting for an additional component to bind in order to finally lock it into the next structurally stable state that can perform the subsequent step of the reaction cycle. Additional studies, however, are required to clarify the significance of this structural flexibility.
